The ultra-strong light-matter coupling regime has been demonstrated in a novel threedimensional inductor-capacitor (LC) circuit resonator, embedding a semiconductor twodimensional electron gas in the capacitive part. The fundamental resonance of the LC circuit interacts with the intersubband plasmon excitation of the electron gas at ω c = 3.3 THz with a normalized coupling strength 2Ω R /ω c = 0.27. Light matter interaction is driven by the quasi-static electric field in the capacitors, and takes place in a highly subwavelength effec- The LC circuit can be seen as a quantum har-
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The ultra-strong light-matter coupling regime has been demonstrated in a novel threedimensional inductor-capacitor (LC) circuit resonator, embedding a semiconductor twodimensional electron gas in the capacitive part. The fundamental resonance of the LC circuit interacts with the intersubband plasmon excitation of the electron gas at ω c = 3.3 THz with a normalized coupling strength 2Ω R /ω c = 0.27. Light matter interaction is driven by the quasi-static electric field in the capacitors, and takes place in a highly subwavelength effective volume V eff = 10 −6 λ 3 0 . This enables the observation of the ultra-strong light-matter coupling with 2.4 × 10 3 electrons only. Notably, our fabrication protocol can be applied to the integration of a semiconductor region into arbitrary nano-engineered three dimensional meta-atoms. This circuit architecture can be considered the building block of metamaterials for ultra-low dark current detectors.
Metamaterials were introduced to enable new electromagnetic properties of matter which are not naturally found in nature. Celebrated examples of such achievements are, for instance, negative refraction 1 and artificial magnetism. 2 The unit cells of metamaterials are artificially designed meta-atoms that have dimensions ideally much smaller than the wavelength of interest λ 0 . 3 Such meta-atoms act as high frequency inductor-capacitor (LC) resonators which sustain a resonance close to λ 0 ∝ √ LC. 3 The resonant behaviour, occurring into highly subwavelength volumes, generates high electromagnetic field intensities which, as pointed out by the seminal paper of Pendry et al., 2 are crucial to implement artificial electromagnetic properties of a macroscopic ensemble of meta-atoms. Moreover, the ability to control and enhance the electromagnetic field at the nanoscale is beneficial for optoelectronic devices, such as nano-lasers 4 electromagnetic sensors [5] [6] [7] and detectors. [8] [9] [10] [11] [12] For instance, metamaterial architectures have lead to a substantial decrease of the thermally excited dark current in quantum infrared detectors, resulting in higher temperature operation. 11, 12 The LC circuit can be seen as a quantum har-monic oscillator sustaining vacuum electric field fluctuations that scale as 1/V 1/2 eff , where V eff is the effective volume of the capacitive parts. 13 For an emitter/absorber inserted between the capacitor plates, the light-matter interaction is proportional to 1/V 1/2 eff , and thus strongly enhanced. Fundamental electro-dynamical phenomena, such as the Purcell effect 14 and strong light-matter coupling regime 15 can therefore be observed. In the strong coupling regime, energy is reversibly exchanged between the matter excitation and the electromagnetic resonator at the Rabi frequency Ω R . This results in an energy splitting of the circuit resonance into two polaritons states separated by 2 Ω R . The regime of strong coupling has been observed in many physical systems which have been reviewed e.g. in Refs. [16] [17] [18] , and some specific realizations with metamaterial resonators were achieved in the sub-THz, 19 THz 20-22 and the Mid-IR [23] [24] [25] part of the spectrum. In these systems, the highly subwavelength interaction volumes combined with the collective effect of N e identical electronic transitions result into high coupling constants Ω R ∝ (N e /V eff ) 1/2 , and allow reaching the ultra-strong coupling regime where the Rabi splitting becomes of the same order of magnitude as the frequency of the material excitationω, 2Ω R /ω ≈ 1. 26 Since there is virtually no lower limit for the interaction volume V eff in LC resonators, the fascinating regime of ultrastrong coupling can be realized in structures having few electrons only. 27, 28 In such limit, the effective bosonization procedure employed to describe the properties of the two-dimensional electron gas breaks down, and one can investigate the unique regime where the few electrons in the system have to be exactly treated as fermions. 27 Recently, the ultra-strong coupling regime with a small number of electrons has been experimentally observed by coupling transitions between Landau levels in a two dimensional electron gas under a high magnetic field and nanogap complementary bow-tie antennas, with a record low number of 80 electrons. 28 Those studies were performed in the sub-THz part of the spectrum (300GHz) using resonators based on a planar geometry. Here, we demonstrate a threedimensional metamaterial architecture that has the potential to go beyond this limit in the THz range (3THz), without the need for a magnetic field. Our metamaterial allows confining the electric field in all directions of space into nanoscale volumes, on the order of V eff = 10 −6 λ 3 0 . The resonance of the structure is coupled to an intersubband (ISB) transition of high density electron gas in the ground state of semiconductor quantum wells (QWs). A relative Rabi frequency of 2Ω R /ω = 0.27 is attained with a record low overall number of electrons N e ≈ 10 3 for inter- To fabricate the LC resonator, the ground plate is first patterned using e-beam lithography and used as a mask to etch the absorbing region with an inductively-coupled plasma.
The structure is then encapsulated in a 3 µm In the following, we keep the lateral size of the capacitor W = 1 µm. The internal perimeter
is varied from 9 to 14µm to tune the resonant frequency across the 2-6 THz spectral region, as explained further. A single resonator fits in a square with a diagonal of 4.2 µm (P int =9 µm) to 7 µm (P int =12 µm), much smaller than the vacuum wavelength λ 0 =100 µm. The footprint of a single resonator ranges from 3 × 3 to 5×5 µm 2 , e.g. 10 −3 λ 2 0 to 2.5 × 10 −3 λ 2 0 .
We first probe the optical properties of our system at room temperature, where the ISB absorption can be neglected as the thermal energy is sufficiently high to equally populate the first few energy levels of the QWs, and we can study the electromagnetic modes of the resonator alone. 35 We perform reflectivity experiments using a dry-air purged Fourier Transform Spec- we show typical spectra obtained for resonators with P int = 10 µm, with light polarized respectively along the line formed by the capacitors (E x ), and orthogonally to that line (E y ). By comparing the two spectra, we first note the presence of a dip in the reflectivity spectrum for E xpolarized light at 3.5 THz, which is absent in the The matter excitation coupled to the LC resonator is an intersubband plasmon of frequencỹ ω = ω 2 12 + ω 2 P , where ω 12 is the bare ISB transition frequency and ω P is the plasma frequency of the two-dimensional electron gas in the QWs. 40 The latter is provided by the expression
, where e is the electron charge, m * is the electron effective mass in the QW, n 1 (resp. n 2 ) is the surface electron density in the first (second) subband, and L QW,eff is an effective length of the quantum well as defined in Ref. 41 . The quantity L QW,eff can be seen as an effective thickness of the quantum confined electron plasma and depends on the wave functions of the first and second sub-bands (see Ref. 41 ). We find L QW,eff ≈ 25 nm, smaller than the physical thickness of the QW (32 nm). For the following discussion, it is important to note that ω P and henceω depend on the charge density in a single quantum well only.
The characteristic equation of the coupled intersubband plasmon-resonator system is written in the general case:
where ω c is the resonator frequency, f 12 is the 
The Rabi splitting can also be expressed as
where N 1,2 is the total number of electrons populating the subband 1, 2. The Rabi splitting that is experimentally determined from spectroscopic studies, as described further, is thus directly linked to the effective mode volume V eff which is an important quantity in nano-photonic systems. 43 However, the analysis of our experimental data is easier to perform with the help of We now want to determine separately the total charge and the overlap factor in our systems. We start by deducing the total charge 
In that case Ψ 2 = Ψ 2 ref = 1, and we find an equivalent total charge density of N QW n 1 = 2n 1 , meaning that only 2/5 of the total charge is left is the QWs, confirming the importance of the depletion effects at the metal-semiconductor interfaces. Furthermore, for both samples we observe the same matter excitation frequencyω, which means the surface charge density per quantum well is the same. We therefore conclude that we have N QW =2 charged quantum wells in the 5QW absorbing region. A more detailed analysis is given in the Supplementary Information.
Having determined the total charge in the case of the patch cavities, we use the same proportionality rule to compare the 5QW patch and LC resonators. We first assume that we have the same total charge in both samples.
Then, according to equation (4) is N e = 6 × 10 3 e − /capacitor. Remarkably, this value is one of the lowest achieved so far using ISB transitions coupled to metamaterials, while retaining a large Ω R /ω c ratio.
In conclusion, we demonstrate a deeply sub- 
